Introduction {#s1}
============

Bergmann\'s rule describes a negative relationship between body mass and temperature across space that is believed to be common in endothermic species ([@bib6]; [@bib17]; [@bib52]; [@bib40]; [@bib19]). Many hypotheses have been proposed to explain this pattern ([@bib9]; [@bib3]; [@bib109]) including the heat loss hypothesis, which argues that the higher surface area to volume ratio of smaller individuals results in improved heat dissipation in hot environments ([@bib6]). Though originally described for closely-related species (i.e., interspecific; [@bib9]), the majority of studies have focused on the intraspecific form of Bergmann\'s rule ([@bib79]; [@bib64]) by assessing trends in individual size within a species ([@bib58]; [@bib116]; [@bib42]). Bergmann\'s rule has been questioned both empirically and mechanistically ([@bib59]; [@bib44]; [@bib50]; [@bib92]) but the common consensus from recent reviews is that the pattern is general ([@bib2]; [@bib3]; [@bib62]; [@bib110]).

It has recently been suggested that this negative relationship between mass and temperature could result in decreasing individual size across species in response to climate change ([@bib86]) and that this may be a 'third universal response to warming' ([@bib43]). The resulting shifts in size distributions could significantly alter ecological communities ([@bib16]), especially if the rate of size decrease varies among species ([@bib86]). While there is limited empirical research on body size responses to changes in temperature through time (but see [@bib87]; [@bib20]; [@bib92]), the apparent generality of Bergmann\'s rule across space indicates the likelihood of a similar relationship in response to temperature change across time.

The generality of Bergmann\'s rule is based on many individual studies that analyze empirical data on body size across an environmental gradient (e.g., [@bib58]; [@bib4]; [@bib41]; [@bib33]; [@bib81]) and reviews that compile and evaluate the results from these studies ([@bib3]; [@bib62]; [@bib109]). Most individual studies of Bergmann\'s rule are limited by: (1) analyzing only one or a few species (e.g., [@bib58]); (2) using small numbers of observations (e.g., [@bib41]); (3) only including data at the small scales typical of ecological studies (e.g., [@bib81]); (4) using latitude instead of directly assessing temperature (e.g., [@bib4]); and (5) focusing on statistical significance instead of the strength of the relationship (e.g., [@bib33]). The reviews tabulate the results of these individual studies and assess patterns in the direction and significance of relationships across species. Such aggregation of published results allows for a more general understanding of the pattern but, in addition to limitations of the underlying studies, the conclusions may be influenced by publication bias and selective reporting due to studies or individual analyses that do not support Bergmann\'s rule being published less frequently ([@bib54]).

Previous analyses of publication bias in the context of Bergmann's rule have found no evidence for selective publication, which supports the idea that it is a general rule ([@bib3]; [@bib61]). However, two of the most extensive studies of Bergmann's rule, which both used museum records to assess dozens of intraspecific Bergmann's rule relationships simultaneously, found that the majority of species did not exhibit significant positive relationships between latitude and size ([@bib59]; [@bib61]). As a result, understanding the generality of this ecophysiological rule and its potential implications for global change requires more extensive analysis.

A data-intensive approach to analyzing Bergmann\'s rule, evaluating the pattern using large amounts of broad scale data, has the potential to overcome existing limitations in the literature and provide a new perspective on the generality of the intraspecific form of Bergmann\'s rule. Understanding the generality of the temperature-mass relationship has important implications for how size will respond to climate change. We use data from VertNet ([@bib28]), a large compilation of digitized museum records that contains over 700,000 globally distributed individual-level size measures, to evaluate the intraspecific relationship between temperature and mass for 952 mammal and bird species. The usable data consist of 273,901 individuals with an average of 288 individuals per species, with individuals of each species spanning an average of 75 years and 34 latitudinal degrees. This approach reduces or removes many of the limitations to previous approaches and the results suggest that Bergmann\'s rule is not a strong or general pattern.

Results {#s2}
=======

Most of the species in this study showed weak non-significant relationships between temperature and mass ([Figures 1](#fig1){ref-type="fig"} and [2](#fig2){ref-type="fig"}). The distribution of correlation coefficients was centered near zero with a mean correlation coefficient of −0.05 across species ([Figure 2A](#fig2){ref-type="fig"}). Relationships for 79% of species were not significantly different from zero based on false discovery rate-controlled p values and associated z scores, while 14% of species\' relationships were significant and negative and 7% were significant and positive ([Figure 2A](#fig2){ref-type="fig"}, [Figure 2---figure supplement 1](#fig2s1){ref-type="fig"}). Temperature explained less than 10% of variation in mass (i.e., −0.316 \< r \< 0.316) for 87% of species, indicating that temperature explained very little of the observed variation in mass for these species ([Figure 2A](#fig2){ref-type="fig"}).

![Species spatial distributions and selected temperature-mass relationships.\
(**A**) Spatial collection locations of all individual specimens. All species shown with black points except three species, whose relationships between mean annual temperature and mass are shown at bottom (**B--D**), are marked with colored points. These species were chosen to represent the range of variability in relationship strength and direction exhibited by the 952 species from the study: *Martes pennanti* had a negative relationship with temperature explaining a substantial amount of variation in mass (B; blue points); *Tamias quadrivittatus* had no directional relationship between temperature and mass with temperature having little explanatory power (C; yellow points); *Synaptomys cooperi* had a strong positive temperature-mass relationship with a correlation coefficient (r) in the 99^th^ percentile of all species\' values (D; red points). Intraspecific temperature-mass relationships are shown with black circles for all individuals and ordinary least squares regression trends as blue lines. Linear regression correlation coefficients and p-values in upper left hand corner of figure for each species. For remaining species relationships, see [Figure 1---figure supplement 1](#fig1s1){ref-type="fig"}--[12](#fig1s12){ref-type="fig"}.](elife-27166-fig1){#fig1}

![Species correlation coefficients by statistical significance and taxonomic class.\
(**A**) Stacked histogram of correlation coefficients (r) for all species\' intraspecific temperature-mass relationships. Colored bars show species with statistically significant relationships, both negative (purple) and positive (green), while white bars indicate species with relationship slopes that are not significantly different from zero. Percentages are of species in each group. (**B**) Stacked histogram of all species\' correlation coefficients with bar color corresponding to taxonomic class. Dark vertical lines are correlation coefficients of zero. See [Figure 2---figure supplements 1](#fig2s1){ref-type="fig"}--[6](#fig2s6){ref-type="fig"}.](elife-27166-fig2){#fig2}

The weak, non-directional intraspecific relationships indicated by the distribution of correlation coefficients are consistent across taxonomic groups and temporal lags. Mean correlation coefficients for both endothermic classes are −0.006 and −0.065, for mammals and birds respectively ([Figure 2B](#fig2){ref-type="fig"}). Similarly, correlation coefficient distributions were approximately centered on zero for all of the 30 orders analyzed (−0.2 \< $\overline{r}$ \< 0.003 for orders with more than 10 species; [Figure 3](#fig3){ref-type="fig"} and [Figure 3---figure supplement 1](#fig3s1){ref-type="fig"}), and for migrant and nonmigrant bird species ([Figure 2---figure supplement 2](#fig2s2){ref-type="fig"}). Correlation coefficient distributions for temperature-mass relationships using lagged temperatures were centered around zero like those using temperature from the collection year ([Figure 4](#fig4){ref-type="fig"} and [Figure 4---figure supplement 1](#fig4s1){ref-type="fig"}), indicating that there was not a temporal lag effect on the response of species\' masses to temperature. Correlation coefficients did not vary systematically by sample size ([Figure 5A](#fig5){ref-type="fig"}), extent of variation in temperature or mass ([Figure 5B,C](#fig5){ref-type="fig"}), species\' average mass ([Figure 5D](#fig5){ref-type="fig"}), or species\' average latitude ([Figure 5E](#fig5){ref-type="fig"}). While temperature is considered the actual driver, some studies use latitude as a proxy when evaluating variation in size ([@bib6]; [@bib91]). Using latitude, the mean correlation coefficient was −0.05 with no statistically significant latitude-mass relationship for 71% of species ([Figure 2---figure supplement 3](#fig2s3){ref-type="fig"}), while the respective values for temperature were −0.05 and 79% ([Figure 2A](#fig2){ref-type="fig"}). Results were robust to a variety of decisions and stringencies about how to filter the size ([Figure 2---figure supplements 4](#fig2s4){ref-type="fig"} and [5](#fig2s5){ref-type="fig"}) and species data ([Figure 2---figure supplements 6](#fig2s6){ref-type="fig"} and [7](#fig2s7){ref-type="fig"}).

![Species correlation coefficients for selected taxonomic orders.\
Histograms of correlation coefficients (r) from intraspecific temperature-mass relationships for each taxonomic order represented by more than ten species, with order shown above histogram. Height of y-axis varies depending on number of species. Bar color indicates taxonomic class. Dark vertical lines are correlation coefficients of zero. For remaining orders, see [Figure 3---figure supplement 1](#fig3s1){ref-type="fig"}.](elife-27166-fig3){#fig3}

![Species correlation coefficients with selected past year temperatures.\
Histograms of correlation coefficients (r) for all species\' intraspecific temperature-mass relationships with mean annual temperature from (**A**) the year in which individuals were collected, (**B**) 25 years prior to collection year, and (**C**) 50 years prior to collection year. Dark vertical lines are correlation coefficients of zero. For all past year temperatures, see [Figure 4---figure supplement 1](#fig4s1){ref-type="fig"}.](elife-27166-fig4){#fig4}

![Variability of species correlation coefficients across several variables.\
Variation in all species\' correlation coefficients (r) across the following variables for each species: (**A**) number of individuals, (**B**) difference between hottest and coldest collection year temperatures, (**C**) mass range, (**D**) mean mass, and (**E**) absolute mean latitude. Horizontal lines are correlation coefficients of zero. The x-axes of some plots (**A, C, D**) are on a log scale to better show spread of values.](elife-27166-fig5){#fig5}

Discussion {#s3}
==========

In contrast to conventional wisdom and several recent review papers, our analysis of 952 species shows little to no support for a negative intraspecific temperature-mass relationship that is sufficiently strong or common to be considered a biogeographic rule. Three quarters of bird and mammal species show no significant change in mass across a temperature gradient and temperature explained less than 10% of intraspecific variation in mass for 87% of species ([Figure 2A](#fig2){ref-type="fig"}). This was true regardless of taxonomic group ([Figures 2](#fig2){ref-type="fig"} and [3](#fig3){ref-type="fig"}), temporal lag in temperature ([Figure 4](#fig4){ref-type="fig"}), species\' size, location, or sampling intensity or extent ([Figure 5](#fig5){ref-type="fig"}). These results are consistent with two previous studies that examined museum specimen size measurements across latitude. The first study showed that 22 out of 47 North American mammal species studied had no relationship between latitude and length, and 10 of the 25 significant relationships were opposite the expected direction ([@bib59]). The second found a similar proportion of non-significant results (42/87), but a lower proportion of significant relationships that opposed the rule (9/45) for carnivorous mammals ([@bib61]). While more species had significant negative relationships than positive in both our study and these two museum-based studies, in all cases less than half of species had significant negative correlations (14--41%). In combination with these two smaller studies, our results suggest that there is little evidence for a strong or general Bergmann\'s rule when analyzing raw data instead of summarizing published results.

Our results are inconsistent with recent reviews, which have reported that the majority of species conform to Bergmann\'s rule ([@bib3]; [@bib62]; [@bib109]). While these reviews included results that were either non-significant or opposite of Bergmann\'s rule, the proportion of significant results in support of Bergmann\'s rule was higher and therefore resulted in conclusions that supported the generality of the temperature-mass relationship. Generalizing from results in the published literature involves the common challenges of publication bias and selective reporting ([@bib54]). In addition, because the underlying Bergmann\'s rule studies typically report minimal statistical information, often providing only relationship significance or direction instead of p-values or correlation coefficients ([@bib62]), proper meta-analyses and associated assessments of biological significance are not possible. While several reviews found no evidence for publication bias using limited analyses ([@bib3]; [@bib61]), the notable differences between the conclusions of our data-intensive approach and those from reviews suggest that publication bias in literature examining Bergmann\'s rule warrants further investigation. These differences also demonstrate the value of data-intensive approaches in ecology for overcoming potential weaknesses and biases in the published literature. Directly analyzing large quantities of data from hundreds of species allows us to assess the generality of patterns originally reported in smaller studies while avoiding the risk of publication bias. This approach additionally makes it easier to integrate other factors that potentially influence size into future analyses. The new insight gained from this data-intensive approach demonstrates the value of investing in large compilations of ecologically-relevant data ([@bib47]) and the proper training required to work with these datasets ([@bib46]).

Our analyses and conclusions are limited to the intraspecific form of Bergmann's rule. This is the most commonly studied and well-defined form of the relationship, and the one most amenable to analyses using large compilations of museum data. Difficulty in interpreting Bergmann's original formulation has resulted in an array of different ideas and implementations of interspecific analyses ([@bib9]; [@bib63]; [@bib109]; [@bib64]). The most common forms of these interspecific analyses involve correlations between various species-level size metrics and environmental measures and are conducted at various taxonomic levels from genus to class (e.g., [@bib10]; [@bib34]; [@bib15]; [@bib25]). Efforts to apply data-intensive approaches to the interspecific form of this relationship will need to address the fact that occurrence records are not evenly distributed across the geographic range of species, and determine how the many interpretations of interspecific Bergmann's rule are related to one another and the biological expectations for interspecific responses to temperature.

The original formulation of Bergmann\'s rule, and the scope of our conclusions, apply only to endotherms. However, negative temperature-mass relationships have also been documented in ectotherms, with the pattern referred to as the size-temperature rule ([@bib78]; [@bib1]). In contrast to the hypotheses for Bergmann\'s rule, which are based primarily on homeostasis ([@bib43]), the size-temperature rule in ectotherms is thought to result from differences between growth and development rates ([@bib39]). The current version of VertNet contained ectotherm size data for only seven species, which is not sufficient to complete a comprehensive analysis of the ectotherm size-temperature rule. Future work exploring the ectotherm size-temperature rule in natural systems using data-intensive approaches is necessary for understanding the generality of this rule in ectotherms, and data may be sought for this effort in the literature or via a coordinated effort by museums to continue digitizing size measurements for specimens.

A number of mechanisms have been suggested to explain why higher temperatures should result in lower body sizes, including heat loss, starvation, resource availability, migratory ability, and phylogenetic constraints ([@bib9]). Most of the proposed hypotheses have not been tested sufficiently to allow for strong conclusions to be drawn about their potential to produce Bergmann\'s rule ([@bib9]; [@bib109]; [@bib92]) and the widely studied heat loss hypothesis has been questioned for a variety of reasons ([@bib51]; [@bib59]; [@bib9]; [@bib109]; [@bib60]). While no existing hypotheses have been confirmed, it is possible that some processes are producing negative relationships between size and temperature. The lack of a strong relationship does not preclude processes that result in a negative temperature-mass relationship, but it does suggest that these processes have less influence relative to other factors that affect intraspecific size.

The relative importance of the many factors besides temperature that can influence size within a species is as yet unknown. Size is affected by abiotic factors such as humidity and resource availability ([@bib92]), characteristics of individuals like clutch size ([@bib15]), and community context, including possible gaps in size-related niches ([@bib88]) and the trophic effects of primary productivity on consumer size ([@bib86]). Temperature itself can have indirect effects on size, such as via habitat changes in water flow or food availability, that result in size responses opposite of Bergmann\'s rule ([@bib43]). Anthropogenic influences have been shown to influence the effect of temperature on size ([@bib38]), and similar impacts of dispersal, extinctions, and the varying scales of climate change have been proposed ([@bib25]). Because our data primarily came from North America, further analyses focused on species native to other continents could reveal differing temperature-mass relationships due to varying temperature regimes. While our work shows that more species have negative significant relationships between temperature and mass than positive, only 21% of species have statistically significant relationships and it consequently appears that some combination of other factors more strongly drives intraspecific size variation for most endothermic taxa.

The lack of evidence for temperature as a primary determinant of size variation in endothermic species calls into question the hypothesis that decreases in organism size may represent a third universal response to global warming. The potentially general decline in size with warming was addressed by assessments that evaluated dynamic body size responses to temperature using similar approaches to the Bergmann\'s rule reviews discussed above ([@bib86]; [@bib43]; [@bib92]). The results of these temporal reviews were similar to those for spatial relationships, but the conclusions of these studies clearly noted the variability in body size responses and the need for future data-intensive work ([@bib86]; [@bib43]) using broader temperature ranges ([@bib92]) to fully assess the temperature-size relationship.

Our results in combination with those from other studies suggest that much of the observed variation in size is not explained simply by temperature. While there is still potential for the size of endotherms, and other aspects of organismal physiology and morphology, to respond to both geographic gradients in temperature and climate change, these responses may not be as easily explained solely by temperature as has been suggested ([@bib86]; [@bib43]). Future attempts to explain variation in the size of individuals across space or time should use integrative approaches to include the influence of multiple factors, and their potential interactions, on organism size. This will be facilitated by analyzing spatiotemporal data similar to that used in this study, which has broad ranges of time, space, and environmental conditions for large numbers of species and individuals. This data-intensive approach provides a unique perspective on the general responses of bird and mammal species to temperature, and has potential to assist in further investigation of the complex combinations of factors that determine biogeographic patterns of endotherm size and how species respond to changes in climate.

Materials and methods {#s4}
=====================

Data {#s4-1}
----

Organismal data were obtained from VertNet, a publicly available data platform for digitized specimen records from museum collections primarily in North America, but also includes global data ([@bib28]). Body mass is routinely measured when organisms are collected, with relatively high precision and consistent methods, by most field biologists, whose intent is to use those organisms for research and preservation in natural history collections ([@bib113]; [@bib48]). These measurements are included on written labels and ledgers associated with specimens, which are digitized and provided in standard formats, e.g., Darwin Core ([@bib111]). In addition to other trait information, mass has recently been extracted and converted to a more usable form from Darwin Core formatted records published in VertNet ([@bib45]). This crucial step reduces variation in how these measurements are reported by standardizing the naming conventions and harmonizing all measurement values to the same units ([@bib45]). We downloaded the entire datasets for Mammalia, Aves, Amphibia, and Reptilia available in September 2016 ([@bib11], [@bib12], [@bib13], [@bib14]) using the Data Retriever ([@bib53]; [@bib67]) and filtered for those records that had mass measurements available. Fossil specimen records with mass measurements were removed.

We only analyzed species with at least 30 georeferenced individuals whose collection dates spanned at least 20 years and collection locations at least five degrees latitude, in order to ensure sufficient sample size and spatiotemporal extent to accurately represent each species\' temperature-mass relationship. We conducted sensitivity analyses to determine if these thresholds were appropriate ([Figure 2---figure supplements 6](#fig2s6){ref-type="fig"} and [7](#fig2s7){ref-type="fig"}). We selected individual records with geographic coordinates for collection location, collection dates between 1900 and 2010, and species-level taxonomic identification, which were evaluated to ensure no issues with synonymy or clear taxon concept issues. To minimize inclusion of records of non-adult specimens, we identified the smallest mass associated with an identified adult life stage category for each species and removed all records with mass values below this minimum adult size. Results were not qualitatively different due to either additional filtering based on specimen lifestage ([Figure 2---figure supplement 4](#fig2s4){ref-type="fig"}) or removal of outliers ([Figure 2---figure supplement 5](#fig2s5){ref-type="fig"}). Temperatures were obtained from the Udel_AirT_Precip global terrestrial raster provided by NOAA from their website at <http://www.esrl.noaa.gov/psd/>, a 0.5 by 0.5 decimal degree grid of monthly mean temperatures from 1900 to 2010 ([@bib112]). For each specimen, the mean annual temperature at its collection location was extracted for the year of collection.

This resulted in a final dataset containing records for 273,901 individuals from 952 bird and mammal species ([@bib69]; [@bib76]; [@bib71]; [@bib70]; [@bib55]; [@bib22]; [@bib36]; [@bib97]; [@bib37]; [@bib95]; [@bib104]; [@bib94]; [@bib100]; [@bib31]; [@bib32]; [@bib65]; [@bib57]; [@bib24]; [@bib75]; [@bib56]; [@bib68]; [@bib7]; [@bib93]; [@bib21]; [@bib108]; [@bib101]; [@bib96]; [@bib23]; [@bib82]; [@bib29]; [@bib30]; [@bib73]; [@bib83]; [@bib103]; [@bib66]; [@bib74]; [@bib27]; [@bib35]; [@bib26]; [@bib115]; [@bib99]; [@bib106]; [@bib72]; [@bib107]; [@bib49]; [@bib114]; [@bib105]; [@bib98]; [@bib102]; [@bib84]). The average number of individuals per species was 288, ranging from 30 to 15,415 individuals. The species in the dataset were diverse, including volant, non-volant, placental, and marsupial mammals, and both migratory and non-migratory birds. There were species from all continents except Antarctica, though the majority of the data were concentrated in North America ([Figure 1A](#fig1){ref-type="fig"}). The distribution of the species\' mean masses was strongly right-skewed, as expected for broad scale size distributions ([@bib18]), with 74% of species having average masses less than 100 g. Size ranged from very small (3.7 g desert shrew *Notiosorex crawfordi* and 2.6 g calliope hummingbird *Stellula calliope*) to very large (63 kg harbor seal *Phoca vitulina* and 5.8 kg wild turkey *Meleagris gallopavo*).

Analysis {#s4-2}
--------

We fit the intraspecific relationship between mean annual temperature and mass for each species with ordinary least squares linear regression (e.g., [Figure 1B,C,D](#fig1){ref-type="fig"} and [Figure 1---figure supplements 1](#fig1s1){ref-type="fig"}--[12](#fig1s12){ref-type="fig"}) using the statsmodels.formula.api module in Python ([@bib85]). The strength of each species' relationship was characterized by the correlation coefficient, its significance at alpha of 0.05, and the associated z score. When assessing statistical significance with large numbers of correlations it is important to consider the expected distribution of these correlations under the null model that no correlation exists for any species.

We addressed this issue by using false discovery rate control ([@bib5]) implemented with the stats package in R ([@bib77]). This method determines the expected distribution of values for p (or Z) in the case where no relationship exists for individual correlation and adjusts observed values to control for excessive false positives. Specifically, it maintains the Type I error rate (proportion of false positives) across all tests at the chosen value of alpha and therefore gives an accurate estimate of the number of significant relationships ([@bib5]). This allows us to estimate the number of species with true positive and negative correlations (i.e., those that have values that exceed those expected from the null distribution). We then compared the number of species with positive and negative correlation coefficients, and the proportion of those with statistically significant adjusted p-values.

We investigated various potential correlates of the strength of Bergmann\'s rule. Because it has been argued that Bergmann\'s rule is exhibited more strongly by some groups than others ([@bib59]), we examined correlation coefficient distributions within each class and order. Additionally, distributions for migrant and nonmigrant bird species were compared due to conflicting evidence about the impact of migration on temperature-mass relationships ([@bib3]). As a temporal lag in size response to temperature is likely due to individuals of a species responding to temperatures prior to their collection year (e.g., [@bib89]), we assessed species\' temperature-mass relationships using temperatures from 1 to 110 years prior to collection year. We also examined the relationship between species\' correlation coefficients and five variables to understand potential statistical and biological influences on the results. We did so with the number of individuals, temperature range, and mass range to determine if the relationship was stronger when more data points or more widely varying values were available. Because it has been argued that Bergmann\'s rule is stronger in larger species ([@bib90]) and at higher latitudes ([@bib40]; [@bib38]), we examined variability with both mean mass and mean latitude for each species. We also conducted all analyses using latitude instead of mean annual temperature. The reproducible code for these analyses is available (<https://github.com/KristinaRiemer/MassResponseToTemp>; [@bib80]) and archived (<https://zenodo.org/badge/latestdoi/17957630>).
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Bloom D2016VertNet Amphibia<https://dx.doi.org/10.7946/P2F59W>Publicly available at Data Commons (http://datacommons.cyverse.org/)

Bloom D2016VertNet Aves<https://dx.doi.org/10.7946/P2K01C>Publicly available at Data Commons (http://datacommons.cyverse.org/)

Bloom D2016VertNet Mammalia<https://dx.doi.org/10.7946/P2TG68>Publicly available at Data Commons (http://datacommons.cyverse.org/)

Bloom D2016VertNet Reptilia<https://dx.doi.org/10.7946/P2Z59J>Publicly available at Data Commons (http://datacommons.cyverse.org/)
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In the interests of transparency, eLife includes the editorial decision letter and accompanying author responses. A lightly edited version of the letter sent to the authors after peer review is shown, indicating the most substantive concerns; minor comments are not usually included.

Thank you for submitting your article \"No general relationship between mass and temperature in endotherm species\" for consideration by *eLife*. Your article has been favorably evaluated by Diethard Tautz (Senior Editor) and three reviewers, one of whom, Christian Rutz (Reviewer \#1), is a member of our Board of Reviewing Editors. The following individual involved in review of your submission has agreed to reveal their identity: Alison Boyer (Reviewer \#2).

The reviewers have discussed the reviews with one another and the Reviewing Editor has drafted this decision to help you prepare a revised submission.

Summary:

Your study uses an unprecedented dataset of animal measurements to assess the generality of one of the best-known biogeographic \'rules\', and as such holds great potential for stimulating future research. The reviewers agreed that this is a noteworthy advance, but have identified a few issues that need to be addressed in a revision (essential revisions).

Essential revisions:

\- Scope. You rightly note in the Introduction (first paragraph) that Bergmann\'s rule was originally formulated for closely-related species (i.e., interspecific patters), but you then proceed -- like most earlier studies -- to explore intraspecific relationships only. A comprehensive assessment of this long-standing hypothesis would cover both intra- and interspecific perspectives, and the reviewers wondered whether you could add results for the latter? These additional analyses shouldn\'t be too onerous, yet they would add substantial value to the manuscript. Otherwise, it should be made clear throughout that the intraspecific facet of Bergmann\'s rule is being examined.

\- Statistical analyses. While the reviewers enjoyed the intuitive graphical illustration of results, and found that the overall patterns look compelling, they think it is essential that formal statistical analyses are conducted to support the study\'s conclusions. What is the null hypothesis for [Figure 2A](#fig2){ref-type="fig"} (and accompanying supporting figures)? Given the distribution of latitudes, sample sizes etc., what is the expected distribution of r values? Can Fisher\'s r-to-z transformation be used to calculate a null distribution, and to estimate the excess of positive and negative values?

\- Migratory birds. The results for birds are complicated because many of them are migratory (e.g., in the USA, birds migrate between North and South America). This is an important confounding factor, as for almost all species, it is impossible to satisfactorily define the latitude at which they exist (in fact, this problem may even apply at smaller scales, if species move in response to extrinsic factors, such as harsh weather conditions). This alone argues against the generality of Bergmann\'s rule, and suggests that it has little applicability to birds. Please formally explore the effect of this confound on the overall patterns observed, for example, by re-running analyses with (migratory) birds excluded.

\[Editors\' note: further revisions were requested prior to acceptance, as described below.\]

Thank you for sending your article entitled \"No general relationship between mass and temperature in endothermic species\" for peer review at *eLife*. Your article is being evaluated by one peer reviewer, and the evaluation is being overseen by a Reviewing Editor and Diethard Tautz as the Senior Editor.

One of the original reviewers has kindly provided further comments on your statistical analyses, and we would appreciate if you could briefly respond to these, as there may have been a misunderstanding:

They clarified that their point was that you could have more simply converted the r -\> z and overlain a z distribution rather than highlighting statistically significant values. They noted that overlaying a z-distribution on z-transformed r values would show the extent of disagreement or not in the tails more clearly. They also commented that r is just bounded at -1 and 1, so the information is quite limited, and that overall, r is not a particularly informative comparative measure of effect size for heterogeneous data varying in sample size etc.
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Author response

> Essential revisions:
>
> \- Scope. You rightly note in the Introduction (first paragraph) that Bergmann\'s rule was originally formulated for closely-related species (i.e., interspecific patters), but you then proceed -- like most earlier studies -- to explore intraspecific relationships only. A comprehensive assessment of this long-standing hypothesis would cover both intra- and interspecific perspectives, and the reviewers wondered whether you could add results for the latter? These additional analyses shouldn\'t be too onerous, yet they would add substantial value to the manuscript. Otherwise, it should be made clear throughout that the intraspecific facet of Bergmann\'s rule is being examined.

We have decided, after extensive discussion, that adding interspecific analyses of Bergmann's rule would make the current manuscript too complex and difficult to follow and therefore these analyses warrant their own manuscript. The reason for this is that the interspecific analyses in the literature have been conducted in a number of different ways, none of which immediately aligns with large scale individual-level data. The most common older form of this analysis involves assessing changes in the average size of a species as a function of the latitudinal centroid of its geographic distribution, where each point is a species within a genus. Two examples from the literature illustrate the variety in this type of analysis: correlations between body length and mean breeding range latitude for species within genus, family, and order (Boyer et al., 2010) and correlation between geometric mean mass and six environmental variables, including a phylogenetic component, for species within an order (Diniz-Filho et al., 2007). Newer analyses do something similar using range maps for entire assemblages and look at how the average size of all species in the assemblage varies across grid cells in response to environmental factors, as in Blackburn and Gaston (1996). Neither of these approaches are well suited to analysis using VertNet data because these data are not necessarily collected broadly or evenly across each species' geographic range.

This diversity of approaches comes from the range of conclusions that have been reached about the contents of Bergmann (1847). Bergmann states that the pattern should apply across "races". This is difficult to interpret, especially given how taxonomic classification has changed. It is generally agreed upon that "closely related species" is analogous, though this is only somewhat less vague in terms of selecting useful and appropriate analyses. Many of the interspecific approaches taken also have statistical and inference limits that need to be explored. Consequently, addressing the pattern more broadly is quite a bit more complicated than, e.g., using genus instead of species to group individual-level sizes. As a result of these complexities, a sufficient exploration of interspecific Bergmann's rule would require additional data, new analyses, and the space of a full manuscript to explain and explore this approach.

That said, we certainly agree that this is an important topic to explore, including in new ways using the kinds of data used in this paper. Therefore, we have added a paragraph to the Discussion summarizing the importance and challenges of pursuing this question as in future research. We have also added language throughout the manuscript to emphasize that the analyses pertain to the intraspecific version of Bergmann's rule.

> \- Statistical analyses. While the reviewers enjoyed the intuitive graphical illustration of results, and found that the overall patterns look compelling, they think it is essential that formal statistical analyses are conducted to support the study\'s conclusions. What is the null hypothesis for [Figure 2A](#fig2){ref-type="fig"} (and accompanying supporting figures)? Given the distribution of latitudes, sample sizes etc., what is the expected distribution of r values? Can Fisher\'s r-to-z transformation be used to calculate a null distribution, and to estimate the excess of positive and negative values?

If we understand correctly, we believe that this question reflects a failure on our part to clearly communicate the analyses that we have already conducted. The null hypothesis for [Figure 2A](#fig2){ref-type="fig"} is that no species has an intraspecific relationship between temperature and mass. Given the distribution of temperatures/latitudes and sample sizes, this null hypothesis would lead to a distribution of correlation coefficients roughly centered on zero with some species showing larger positive and negative values of r by chance and some of these relationships (roughly 5%) appearing to be statistically significant at p \< 0.05 based on their Z scores. The standard approach to assessing the expected (null) form of this distribution and to estimate the number of excess positive and negative values is by controlling the false discovery rate (Verhoeven et al., 2005; Garcia, 2004; Pike, 2010; Waite and Campbell, 2006; Nakagawa, 2004). This analysis has already been conducted and presented in [Figure 2](#fig2){ref-type="fig"}. In that figure, r values falling within the null distribution are presented in white and the "excess" negative and positive values are shown in purple and green, respectively. As is standard when controlling the false discovery rate, we did the calculations on the p-values which are calculated from Z scores. Therefore it is our understanding that we have already performed the requested analysis. If we have misunderstood, we would be happy to conduct additional analyses.

We clearly failed to discuss this analysis in sufficient detail to communicate effectively. Consequently we expanded our description of how we assess r and p-values in the Materials and methods, including their expected distributions under both the null and alternative hypotheses. Additionally, we better explained the role of false discovery rate control and what it accomplishes in identifying those species with excess positive and negative relationships beyond the null, and the proportion of species that have no relationship between temperature and mass.
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> \- Migratory birds. The results for birds are complicated because many of them are migratory (e.g., in the USA, birds migrate between North and South America). This is an important confounding factor, as for almost all species, it is impossible to satisfactorily define the latitude at which they exist (in fact, this problem may even apply at smaller scales, if species move in response to extrinsic factors, such as harsh weather conditions). This alone argues against the generality of Bergmann\'s rule, and suggests that it has little applicability to birds. Please formally explore the effect of this confound on the overall patterns observed, for example, by re-running analyses with (migratory) birds excluded.

This is a really important point, and we thank the reviewers for catching it. We have added separate analyses on bird species in our dataset known as migrants or nonmigrants, see new [Figure 2---figure supplement 1](#fig2s1){ref-type="fig"}. The proportion of species with negative statistically significant, positive statistically significant, and no relationships were similar (i.e., varying by no more than one percentage point) between the migrant species and nonmigrant species. The mean correlation coefficients for migrant species and nonmigrant species were -0.06 and -0.07, respectively. There is a somewhat more apparent shoulder of small r values below zero, but these are all within the null distribution. Therefore our assessment of the new results is that migration had minimal impact on the conclusions of this manuscript. We have added the appropriate text for this figure to the Materials and methods and Results sections.

\[Editors\' note: further revisions were requested prior to acceptance, as described below.\]

> One of the original reviewers has kindly provided further comments on your statistical analyses, and we would appreciate if you could briefly respond to these, as there may have been a misunderstanding:
>
> They clarified that their point was that you could have more simply converted the r -\> z and overlain a z distribution rather than highlighting statistically significant values. They noted that overlaying a z-distribution on z-transformed r values would show the extent of disagreement or not in the tails more clearly. They also commented that r is just bounded at -1 and 1, so the information is quite limited, and that overall, r is not a particularly informative comparative measure of effect size for heterogeneous data varying in sample size etc.

We received a very thoughtful comment from one reviewer about the benefits of the inclusion of the z scores for each species in our dataset. Consequently, we have included a figure of these z scores in the supplemental material for this manuscript, with corresponding edits to the manuscript text.
